In this study, reverberation time of a lecture auditorium has been analyzed experimentally and analytically. It is well-known fact that reverberation time affects the speech intelligibility and hence should be within the range of possible optimum values. Experiments were performed to calculate the reverberation time of a lecture auditorium constructed at Indian Institute of Technology Mandi (IIT Mandi), for different internal conditions such as furniture and curtains. Experimental results were compared with the theoretically calculated values of reverberation time. It is found that acoustic performance of the lecture auditorium has significantly improved using curtains on the windows and furniture. For further improvement, it has also been suggested to use the carpet on the floor of the auditorium. The theoretical value of reverberation time is also calculated to show the improvement which can be achieved using carpet. The effect of audience on reverberation time has also been studied theoretically.
Introduction
Sound in an enclosure such as room or auditorium is strongly affected by the design of the room as well as the interior decoration, furniture which constitute to the absorptivity in the room. An important parameter which measures the acoustic characteristic of the room is reverberation time. 1 Reverberation time is the acoustical characteristic in addition to the noise level that is most often stressed in acoustic guidelines for classrooms and other rooms where speech communication is of critical importance. In technical terms, it is a measure of the rate of energy loss of a steady-state sound field once the source has been switched off. Reverberation time is generally defined as the time taken for a sound to decay 60 dB below its level when it is switched off. The decay time is frequency-dependent, depending on the absorption characteristics of surfaces in the room. Reverberation conditions of an auditorium or a lecture hall allow the identification of words and also affect the speech comprehension and memory storing. These problems are likely to be especially serious in situations where speech has to be followed continuously for a long time. An unfavorable reverberation time then can contribute to the development of cognitive fatigue, which means that working memory resources are gradually reduced. Reverberation time may also affect the cognitive load in two other ways: reverberation time may change the distracting effects of a sound and a person's mood. Both effects could influence the cognitive load of a listener. 2 Ljung et al. 3 experimentally showed that the reverberation has harmful effects on school youngsters' memory for spoken lectures. The results suggest that poor listening conditions (resulting from long reverberation time) impair memory and learning, even if the conditions allow the listeners to hear what is said. The acoustical conditions investigated in high-school Technology-Education Shops and different parameters such as reverberation time, speech intelligibility index, and sound level reduction with distance doubling have been calculated. The results suggest that Technology-Education Shops provide poor acoustical conditions for teachers and students. 4 Acoustical parameters (reverberation time, speech transmission index, etc.) and background noise level are measured for unoccupied classrooms, and the effect of occupants is also discussed. 5, 6 Effect of different acoustic absorbent materials in the different layout on reverberation time is shown and compared with the results where the same material is placed as a single piece. 7 The acoustic measurements inside the classrooms located in historical buildings show high reverberation time values, which imply an adverse environment for speech reception. The reverberation time in such classrooms was reduced by installing removable sound absorbent panels. 8, 9 Reverberation time in the classroom is reduced using panels made by transforming locally available natural materials of plant origin. 10, 11 In this study, a newly constructed lecture auditorium at IIT Mandi has been studied for its acoustic performance in terms of reverberation time. The auditorium is studied with the different perspective, varying the furniture, varying the interior decoration such as curtains. The effect of these parameters has been studied experimentally and also a comparison is made with theoretical predictions with Sabine's equation. Finally, it is shown that having wooden furniture and curtains significantly improves the acoustic performance of room by decreasing the reverberation time and bringing it to the optimal level.
Objective
This study aims at investigating and improving the acoustical conditions of a lecture auditorium where the facultystudent interaction and academic lectures take place. The study has been carried out by measuring the reverberation time of the auditorium. The auditorium is studied with different perspectives such as varying the furniture, and with and without curtains. The effect of these parameters has been studied experimentally, and the findings are compared with the analytical results. It is shown that curtains and furniture decrease the reverberation time making the auditorium suitable for lecturing.
Experiment description
The experiments were conducted in the lecture auditorium constructed at IIT Mandi, Himachal Pradesh, India. The dimensions of the auditorium are 20 m × 9.1 m × 4.25 m. This auditorium has two doors, one at the front and second at the back, and eight windows as shown in Figure 1 .
Experiments were conducted in four conditions. In the first condition, the auditorium was unoccupied (without any type of furniture and curtains). In the second condition, furniture (plastic chairs) has been placed in the auditorium. In the third condition, curtains were also hung on the windows. In the fourth condition, plastic chairs have been replaced by the wooden desks. First, the experiment was done in the auditorium for each condition, and the acoustical characteristic (reverberation time) was calculated. Then, the theoretical calculations were also carried out to calculate the reverberation time of the auditorium with the same condition. Figure 2 shows the auditorium with different conditions.
While performing the experiments in the auditorium, balloon and pin were used to generate the sound, and the measurement was done using a microphone which was connected to the computer through data acquisition system. Figure 3 shows the experimental setup which was used to calculate the reverberation time in the auditorium. The optimal reverberation time can also be compared from the study of Beranek et al. 1 Figure 4 shows the plot between the optimum value of reverberation time, T (s) and volume, V (m 3 ). On comparing the calculated value of optimum reverberation time for given volume with the following graph, it can be seen that the IIT Mandi lecture auditorium falls in the category D (College auditoria) with an optimal reverberation time in the range of 0.8-1.2 s.
Calculations

Optimum reverberation time for large enclosures
Reverberation time calculations
Theoretically, the reverberation time can be calculated by Sabine's equation, 1 which is given by 
T V S tot tot
where S tot = total surface area and α = absorption coefficient
With the help of Table 1 , values of the total surface area, S tot and total absorption coefficient, α tot were calculated. Using Sabine's equation, the value of reverberation time, T was also calculated for the different conditions. Table 2 represents the values of S tot , α tot , and T for each condition. 
Results and discussion
A balloon and a pin were used for creating a sound burst inside the auditorium to experimentally measure the reverberation time. The variation of sound pressure level (SPL) is measured in dBA which is a scale of relative loudness of sound in air as perceived by human ear. SPL decay versus time for the unoccupied auditorium is shown in Figure 5 .
While performing experiments, we also found out that it was very difficult for the person standing at the extreme ends to communicate. It is clear from Figure 5 that the SPL falls from 107 dBA (1.44 s) to 47 dBA (5.56 s) in 4.12 s.
Theoretically, we are getting the reverberation time to be 5.98 s. The reason for this difference is the assumption that we have taken, which is that the sound absorption coefficient of the doors and windows were taken to be same as that of the wall. Also, the sound absorption by fan blades, blackboard, lecture dice, and of course ourselves was neglected. Figure 6 shows the variation of SPL decay with time for the auditorium with furniture (plastic chairs). The sound level falls from 110.3 dBA (5.43 s) to 50.4 dBA (7.57 s) in 2.14 s. The theoretical value is nearly 2.88 s. It is quite clear that the chairs are having a huge impact in lowering the reverberation time of the room and thus making it conversation friendly. Hence, selecting furniture is also a critical factor. Figure 7 shows the results with curtains along with chairs. The curtains are on all the eight windows and upper panels of two doors. The SPL falls from 109.6 dBA (1.48 s) to 49.5 dBA (3.57 s) in 2.09 s. The theoretical value is nearly 2.57 s. Since the surface area of the curtain is very less as compared with chairs, the curtains are having a little effect on the reverberation time of the room.
For further reduction in reverberation time, we had replaced the plastic chairs with the wooden desks and performed the experiment again. Figure 8 shows the results. The SPL falls from 104 dBA (1.46 s) to 43.9 dBA (3.34 s) in 1.88 s. The theoretical value is nearly 2.05 s.
Further reduction in reverberation time can be achieved using carpet. Carpet can be installed on the floor of the auditorium. Since the floor is having a big surface area, the effect of carpet on the reverberation time will be more. Theoretical results show clearly that the reverberation time of the auditorium after carpet installation will be nearly 0.89 s.
The effect of audience on reverberation time inside the lecture auditorium with furniture (unoccupied plastic chairs) and curtains was also studied, and reverberation time of 1.23 s was achieved theoretically.
Conclusion
In this article, the acoustic performance of the lecture auditorium is successfully analyzed and improved. Curtains and wooden furniture were used to reduce the reverberation time of the lecture auditorium from 4.12 s (as shown in Figure 5 ) to 1.88 s (as shown in Figure 8) . Comparison of the experimental results and the theoretically calculated values (using Sabine's equation 1 ) were shown, and both the values were found to be quite close. It has also been suggested that the reverberation time can be reduced further by simply using carpet on the floor of the lecture auditorium. The effect of audience on reverberation time was also studied theoretically. 
